Only limited data are available from which normal ranges of mitral annular (MA) and tricuspid annular (TA) dimensions have been established. Normative data are important to assist the echocardiographer in defining the mechanism of atrioventricular valve regurgitation and to inform surgical planning. This study was conceived to establish normal MA and TA dimensions. Consecutive healthy subjects over the age of 60 were randomly recruited from the community as part of a screening project within South Birmingham. MA and TA dimensions in end-systole and end-diastole were evaluated in the parasternal and apical acoustic windows views using transthoracic echocardiography. Gender (males (M) and females (F))-specific dimensions were then assessed. A total of 554 subjects were screened and 74 with pathology considered to have an effect on annular dimensions were excluded from analysis. The mean age of the remaining 480 subjects was 70G7 years and the majority were female (56%). Dimensions were larger in men than in women and greater at end-diastole than end-systole (both P!0.05). Mean MA diameters at end-systole in the parasternal long axis view (cm) were 3.44 cm (M) and 3.11 cm (F) and at end-diastole 3.15 cm (M) and 2.83 cm (F) respectively. Mean TA diameters (cm) at end-systole in the apical 4 chamber view were 2.84 (M) and 2.80 (F) and at end-diastole 3.15 (M) and 3.01 (F) respectively. The reference ranges derived from this study differ from current published standards and should help to improve distinction of normal from pathological findings, in identifying aetiology and defining the mechanism of regurgitation.
Introduction
Accurate knowledge of mitral annular (MA) and tricuspid annular (TA) dimensions is important in helping the echocardiographer to define the aetiology and mechanism of atrio-ventricular valve regurgitation. Dilatation of the mitral valve (MV) or tricuspid valve (TV) annuli often contributes to primary (organic) and secondary (functional) regurgitation and knowledge of the extent of dilatation may assist the surgeon in identifying those valves amenable to repair (1) . In particular, knowledge of annular dimensions is necessary before surgical planning for annuloplasty (1, 2) . Only limited data from small studies are available providing normal ranges of MA and TA dimensions using two-dimensional transthoracic and transoesophageal echocardiography (2DE), yet these continue to be the mainstay of valve assessment despite the growth of 3D echocardiography (3DE) (3, 4) . The most widely used dimensions for the MA are obtained from perioperative studies that identify cut-offs based on outcomes during general anaesthesia but do not comment on normal ranges (4) . Direct open measures of annular dimensions are unlikely to be reliable as they represent a non-physiological state.
Tricuspid regurgitation (TR) is a common condition associated with an adverse prognosis, particularly if left untreated following cardiothoracic surgery. A major cause of TR is malcoaptation of the leaflets due to TA dilatation (5) . While standard surgical practice has shifted in favour of TV annuloplasty and repair, there are no large-scale data identifying normal ranges for dimensions in systole and diastole on 2DE (5, 6) .
In view of the paucity of data from healthy subjects, this study was conceived to establish normal MA and TA dimensions in standard anatomic planes, both in systole and diastole, using transthoracic 2DE.
Methods
A total of 554 consecutive subjects over the age of 60 were randomly recruited from the lists of General Practitioners as part of a screening project within South Birmingham (UK). Assessment of participants was performed by a research physician using a standard protocol including questions on medical history, family history, cardiovascular risk factors, alcohol intake, physical activity and drug history (verified from the computerised records of the practice). The subjects then underwent a physical assessment including measurement of heart rate, and blood pressure and determination of BMI. Participants who were healthy and free of overt cardiovascular disease (including a history of ischaemic heart disease and atrial fibrillation) were invited to undergo echocardiography. Patients aged 60-85 were included in the screening study, the details of which have been published previously (7) . Exclusion criteria for this echocardiographic sub-study included mild or more significant valvular heart disease, left ventricular (LV) dysfunction (LV ejection fraction below 50%), and LV dilatation (LV internal dimension in diastole above 5.9 cm (M) and 5.3 cm (F)) and left atrial (LA) dilatation (maximal LA volume above 29 ml). This study was approved by the Local Research Ethics Committee and written informed consent was obtained from all participants.
Echocardiography
Transthoracic 2DE was performed by an experienced sonographer using a digital commercial harmonic imaging ultrasound system with an S3 3 MHz phasedarray transducer (Vivid I, GE Healthcare, Amersham, UK). Resting images of the parasternal long axis (PLAX), parasternal short axis (PSAX) (at mitral leaflet level), apical 4 chamber (A4C) and modified apical 2 chamber (A2C) views were acquired. Image acquisition and measurement of LV, right ventricular (RV), LA and right atrial (RA) internal dimensions and volumes were performed according to the guideline recommendations of the European Society of Echocardiography and the American Society of Echocardiography (ASE) (2, 8) . In brief, LV internal dimensions were obtained in the PLAX view in the minor axis at the tips of the mitral leaflets using 2DE. Enddiastole was defined as the time in the cardiac cycle when the cardiac dimensions were largest and end-systole as the time in the cardiac cycle when the cardiac dimension was smallest. LV volumes and function were calculated using the biplane modified Simpson's rule in A4C and A2C. When two orthogonal planes could not be identified, a single plane was used. LA volumes were calculated from the biplane area-length model using the maximal planimetered area in the A4C and A2C views. RV internal dimensions were measured in the A4C view optimised to the RV in the mid-cavity and long axis. To estimate inter-and intra-observer variabilities, all variables were measured by the sonographer and research physician (D Jimenez and G Dwivedi) in a subset (nZ10) of echocardiograms randomly selected from the total. The inter-and intra-observer variability was calculated as (mean percentage errors) 12 and 9% respectively.
MA measurement
MA dimensions in end-diastole ( Fig. 1 ) and end-systole were evaluated in PLAX (conventional anteroposterior annulus), PSAX (anterolateral commissure-posteromedial commissure) (Fig. 2) , A4C (oblique) (Fig. 3 ) and modified A2C (anatomical commissure-commissure annulus) (Fig. 4) views. The latter image was obtained from the apical view by rotating from the A4C view to obtain an even distribution of P1, A2 and P3 scallops (8) . The MV tenting area and tenting distance ( Fig. 1) were assessed in the PLAX view. In addition, all the measurements were indexed to body surface area (Mosteller equation). MR was assessed following the European Association of Echocardiography (EAE) guidelines (1).
TA and right heart measurement TA dimensions were measured in end-diastole and endsystole in A4C view (Fig. 5) . In addition, tricuspid tenting area and distances were measured. RA end-systolic area, RA major and minor dimensions, and RV mid-cavity and longitudinal dimensions were also evaluated as per the recommendations of the ASE (2). Similar to the MV, measurements were also indexed to the body surface area (Mosteller equation). TR was assessed following the EAE guidelines (1).
Statistical analysis
Data were expressed as meanGS.D. and also as 5-95% percentile. In addition, minimum and maximum data for each measurement were calculated. Minitab 15 (Minitab Ltd, Coventry, UK) and MedCalc Software (version 12, Mariakerke, Belgium) were used for analysis of the data.
Results
Of the 554 patients screened, 38 with ischaemic heart disease, 21 with atrial fibrillation (previous history or 
Figure 4
The modified apical two-chamber view used to measure the anatomical commissure-commissure annulus obtained from the apical view by rotating from the four chamber to obtain an even distribution of P1, A2 and P3 scallops.
documented at the time of examination) and 15 with moderate or severe valvular heart disease were excluded from the final analyses. In total, 480 subjects were included. The mean age of the subjects was 70 (G7.2) years, the majority were female (56%), with a mean weight of 69 (G12.9) kg and height of 160 (G50) cm. Demographic data are given in Table 1 . Tables 2 and 3 Tables 6 and 7 list the values relating to the TA in mean (with S.D.), 5-95% percentiles and minimum and maximum format. Tables 8 and 9 list the respective indexed values. There was no association between standard cardiovascular risk factors and MA or TA dimensions.
MA measurements

TA and right heart measurements
Discussion
This study provides the largest sized, population-based dataset available, to our knowledge, to date. Moreover, ranges have been produced that are gender-specific and indexed to body size, variables not accounted for in the previous studies. These values are based on a large and healthy cohort over the age of 60 from the UK, from the first such study, to our knowledge, to recruit over 550 subjects.
Despite the reduced incidence of rheumatic disease in the developed world, the number of MV operations is rising with an increasing average life expectancy leading to a higher prevalence of degenerative MV disease, in conjunction with an advancement in surgical techniques and operator skill in repair (9) . A dilated or abnormally shaped MA is a common contributor to both primary (organic) and secondary (functional) MR (1). The measurements provided in this study identify a normal range in both standard echocardiographic planes and in an anatomical axis for the MA, but there are differences when compared with previously published research. The cut-off for annular dilatation used in the current European guidelines for MV assessment is 3.5 cm, based on transoesophageal measurement of the end-diastolic antero-posterior diameter of the MA from a small study of 49 anaesthetised patients scheduled for MV surgery (4) . The values obtained in our transthoracic study are similar in the inter-commissural plane but larger in the conventional anterior-posterior plane (2.5-4.1 cm) when compared with results from Figure 5 Tricuspid annular dimensions measured at end-diastole in the modified apical four-chamber view to maximise right heart size. Right atrial (RA) major (vertical white line) dimension is from the centre of the tricuspid annulus to the centre of the superior RA wall, parallel to the atrial septum. The RA minor (horizontal white line) dimension is from the mid-level of the RA free wall to the septum, perpendicular to the long axis. 
another small study using 2D transoesophageal echocardiography at ES in 21 normal subjects (2.2-3.6 cm) (10).
Although results from a previous, older study had indicated a reasonable correlation between 2D transthoracic measurements and autopsy sizing of the MV annulus (11), results from a more recent 3D study have indicated that a major issue is the wide inter-subject variability of the MV annulus measurements (12) . This may contribute to the wider range of values obtained in our study -the mean MA diameters at end-diastole in the PLAX view were 3.44 cm for men and 3.11 cm for women, respectively, but the mean 5-95 percentiles were 2.7-4.5 cm for men and 2.5-3.8 cm for women, and the maximum diameters were 5.6 cm for men and 4.2 cm for women respectively. Two issues should be mentioned that might be relevant. First, while an attempt has been made to account for the normal contraction of the annulus (a decrease in the annular area in systole of approximately 25%) by identifying values for end-systole and end-diastole, a more holistic assessment of the MA is probably required, as the shape of the MV annulus is complicated. This means that no single measure is likely to be sufficient in clinical practice, although this study focused only on normal subjects. Variation in size during the cardiac cycle and limitation of assessment to pre-defined linear dimensions during 2D imaging may contribute to the finding that annular dimensions assessed by 3D may be larger than those defined with 2D echocardiography (13) . Secondly, end diastole and end systole were defined in our study with reference to the largest and smallest cardiac chamber dimension identified, as recommended in the guidelines on chamber quantification; hence, there may be further variation between studies that have used the complex of Q, R and S waves or frame after MV closure and frame before MV opening (8) . While 3DE may ultimately be preferable for examination of the MV, real-time images are often of lower quality than conventional 2D images, and cyclic variation will result in a greater variability when frame rates are lower; hence, there remains a clear need for the normative data from 2D imaging provided in this study, given the paucity of existing data. Accurate determination of annular dimensions is of course not only important in identifying the underlying pathophysiological mechanisms but is also vital in predicting the success of a surgical repair. Our data were gathered from patients without MR and therefore do not affect previous evidence that severe annular dilatation (O5 cm in organic MR and Z3.7 cm in ischaemic MR) is a predictor of unsuccessful repair (14, 15) . This limitation also applies to the measurement of tenting height and tenting volume, which has most frequently been carried out in a surgical series to assess the likelihood of MV repair. Current reference values for 2D imaging are based on the assumption that the MV annulus has a flat, circular geometry, but results from 3D studies have clearly confirmed the saddle shape of the MV apparatus in healthy individuals (16) . This non-planar shape means that a tenting distance can be calculated in normal individuals from the annular plane, although the values obtained here are larger than those obtained from previous 3D studies (12) . This may reflect the older age of subjects in our study and is likely to partly relate to differences in offline measurement from the annular plane compared with assessment from a single 2D image.
Although the right heart plays an important role in the morbidity and mortality of patients with cardiopulmonary diseases, systematic assessment is not uniformly carried out. One of the main reasons for the underassessment of the right heart is the paucity of ultrasound studies providing normal reference values (2) . Notably, the most recent ASE guideline was reliant on results from multiple small studies to provide normal right heart values but did not include proposed normal TA dimensions (2) . Despite this, TA measurements play an important role in the surgical decision-making process not only for the selection of patients undergoing surgery for TR but also for the selection of the appropriate type of surgical technique (valve plication or ring placement) (17, 18) . Current guidelines define the normal TA diameter in adults as 2.8G0.5 cm in the A4C view and significant TA dilation is defined by the diastolic diameter of O2.1 cm/m 2 (O3.5 cm) (1). In our study, the mean diastolic TA diameter was 3.15 cm (G0.40 cm) for men (3.01 cm (G0.47 cm) for women) but the 5-95 percentile value was 2.5-3.9 cm for men (2.3-3.9 cm for women) and the maximum diameter was 4.8 cm for men (4.1 cm for women). These values are larger but are more consistent with values from 3D studies (19) . Current European guidelines include the suggestion that tricuspid surgery may be indicated (class IIa) when there is mild or moderate regurgitation if the annulus is dilated above 40 mm, which is close to the upper limit of the 95th percentile from our data from normal patients (9) . There is a lack of randomised data about the outcomes from TV repair in left-sided disease, and although there is a possibility that a corrective surgery may be helpful at this value, further research is warranted. Moreover, results from 3D studies have consistently demonstrated the TV to be saddleshaped with a considerable variation between systole and diastole and our study is limited by the fact that the TV annulus was measured only from the apical acoustic window. This means that the assessment was limited only to the more inferior points of the saddle between the septal and lateral aspects of the valve, although the TV annulus can dilate in any plane.
Limitations
First, our study used 2DE. While the advantages of 3DE are increasingly acknowledged in the assessment of the MV and TV, the availability of such technology is not universal and most studies in clinical practice continue to be carried out using 2DE. It is acknowledged that 2DE measurements are known to underestimate the actual MA and TA size compared with 3D measures. However, calculation of TA fractional shortening yields the same result for the two echocardiographic techniques, as the extent of underestimation of TA diameter made by 2DE is similar in diastole and systole (20) . Secondly, our recruited subjects were all over the age of 60 and it would have been useful to identify variation in dimensions across other age ranges. It should be noted that 22% of our cohort were on medication for hypertension but that detailed assessment of diastolic function is not available for this cohort, which might affect MA and TA dimensions. Our study did exclude patients with atrial dilatation above current recommended values and this would have meant that few subjects (if any) had chronic, moderate or severe diastolic dysfunction. Moreover, our subjects were all drawn from South Birmingham and it is possible that these results are population-specific; thus, further studies of other diverse populations may be useful.
Conclusion
We have defined reference ranges (gender-specific and indexed) for the TA and MA and other important right heart measurements based on normative percentile values derived from a large healthy population over the age of 60. The reference ranges presented in our study may help in distinguishing normal from pathological findings, in planning for surgical repair of TV and MV and for serial assessment.
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